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Abbreviation 
AACOCF3: Arachidonyl trifluoromethyl ketone 
ARF: ADP-ribosylation factors 
BEL: Bromoenol lactone 
COG: Conserved oligomeric 
COPI: Coat protein I 
COPII: Coat protein II 
cPLA2: Ca2+-dependent PLA2- 
ER: Endoplasmic reticulum 
GalT: β1,4-galactosyl transferase 
GAP: GTPase-activating proteins  
GFP: Green fluorescent protein 
GlcNAcT1: β-1,3-N-acetylglucosaminyl transferase I 
HA: Human influenza hemagglutinin 
iPLA2-β:  Ca2+-independent PLA2-β   
LIS1: lissencephaly1  
MAFP Methyl arachidonyl fluorophosphonate 
ONO: ONO-RS-082 
PAFAH Ib:  Platelet-activating factor acetylhydrolase  
PAS: periodic acid-schiff reaction 
PLA2: Phospholipase A2 
RFP: Red fluorescent protein 
SD: Standard deviation 
SNARE: soluble N-ethylmaleimide-sensitive factor attachment protein receptor 
TGN: Trans-Golgi network 
VSV-G: Vesicular stomatitis virus glycoprotein 
wt: Wild type 
Yip1p: Ypt-interacting protein 
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Abstract 
The Golgi apparatus is a membranous organelle that plays an essential role in proteins 
and lipids transport between intracellular organelles along the secretory pathway. The Golgi 
apparatus has a stacked cisternal and polarized structure, which is thought to have important 
role for the post-translational modifications, sorting and the transport of cargo proteins. Golgi 
apparatus has a highly dynamics structure which is maintained by a balance of incoming and 
outgoing tubular and vesicular carriers. These carriers are involved in the transport of variety 
cargoes, which pass through the Golgi cisternae. In mammalian cells, Golgi stack are 
connected to form a ribbon-like higher order structure near the centriole. This structure is 
proposed to have importance for polarized transport of proteins.  However, the molecular 
mechanisms to maintain the ribbon like structure are not well understood. I took two 
approaches to understand the molecular mechanisms underlying the formation of the Golgi 
ribbon. First is the analysis of the Golgi disassembly induced under low pH treatment. 
Second is the analysis of function of the multi-span membrane proteins localized in the Golgi 
apparatus. 
 In chapter I, I described the results obtained from the first approach. Low pH 
medium induced the disassembly of the whole of the Golgi apparatus, cis-Golgi, medial-/ 
trans-Golgi and TGN (trans-Golgi network) with all the compartments remained separated. 
Cis-Golgi markers were observed in tubular structures in early stage after changing to the low 
pH medium, while medial-/ trans-Golgi and TGN were not observed in tubular structures. 
The ribbon like-structure of the Golgi apparatus was completely recovered after returning to 
the control pH medium. Low pH medium did not only change the Golgi structure but also 
perturbed the function. The anterograde transport of VSV-G tsO45-GFP protein was 
significantly inhibited. The Golgi disassembly was clearly inhibited by ONO-RS-082 (ONO) 
and Bromoenol lactone (BEL), Phospholipase A2 (PLA2) antagonists, which were expected to 
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inhibit the tubule formation from the Golgi membrane, and also by the expression of Rab1, 
which was though to increase the vesicle fusion. These results suggested that the disassembly 
of the Golgi apparatus induced by low pH medium was regulated by PLA2 and Rab1. 
In Chapter II, I described the results for the second approach. It has been shown that 
a family of five span transmembrane proteins, named YIPF, are localized in the Golgi 
apparatus and involved in the maintenance of the ribbon-like Golgi structure. The localization 
and function of YIPF1, YIPF2 and YIPF6 were investigated. These proteins mainly localized 
in medial-, trans-Golgi and TGN and relocated together with these three compartment 
markers after the Golgi disassembly in a low pH medium. The knockdown of YIPF6 reduced 
to the stability of YIPF1 and YIPF2. Surprisingly, the reduction of YIPF1, YIPF2 or/and 
YIPF6 significantly suppressed the disassembly of medial-, trans-Golgi and TGN in the low 
pH condition. On the other hand, YIPF1 or/and YIPF2 knockdown reduced the synthesis of 
glycoproteins. These results suggested that YIPF1, YIPF2 and YIPF6 involved in the 
disassembly of medial-, trans-Golgi and TGN under low pH condition, and the balance of 
them was important for the glycoprotein synthesis in the Golgi apparatus. 
Taken together I propose that low pH treatment is a new analytic tool for analyzing 
the mechanism maintaining the higher order structure of the Golgi apparatus. Furthermore, I 
suggest that PLA2, YIPF1, YIPF2 and YIPF6 promote the disassembly of the Golgi apparatus 
under low pH and Rab1 counteracts this process. 
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General introduction 
The Golgi apparatus is a membranous organelle and plays an essential role in proteins 
and lipids processing, modification and sorting.  Newly synthesized proteins and lipids from 
the endoplasmic reticulum (ER) are transported to Golgi membrane, and then post-
translational modifications, including glycosylation, are performed (Shorter and Warren, 
2002). After passing through the Golgi apparatus, the product proteins and lipids are sorted 
and sent to their final destinations, such as plasma membrane and lysosomes (Keller and 
Simon, 1997). The stack is polarized into cis-, medial-, trans-Golgi cisternae and trans-Golgi 
network (TGN) and Golgi resident enzymes are localized according to the order of their 
functions (Rambourg and Clermont, 1990). Proteins enter the Golgi at cis-Golgi compartment 
and pass thru medial- and trans-Golgi compartments. The biosynthesis of cargo proteins 
undergoes the modifications, including glycosylation (Stanley, 2011). Then they are sorted 
and exited at TGN to downstream destinations (Keller and Simon, 1997).  
The newly synthesized proteins are transported out from the ER by COPII vesicles 
toward the Golgi apparatus. The arriving COPII vesicles from ER are tethered and fused on 
the cis-side (cis-Golgi network, CGN/ ER-Golgi intermediate compartment, ERGIC) of the 
Golgi apparatus (Appenzeller-Herzog and Hauri, 2006).  Secretory proteins are conveyed 
through cis-, medial- and trans-Golgi compartments with adding and/or removing glycan 
residues by several glycosylation enzymes (Brockhausen 1999; Schwarz and Aebi, 2011). 
Finally, cargo proteins are sorted by specific transport carriers, including clathrin-coated and 
non-clathrin-coated vesicles, at trans-Golgi network (TGN) and transported out to their final 
destinations (Kienzle and von Blume, 2014). Some Golgi residential enzymes and membrane 
proteins are recycled from the Golgi apparatus to the ER by COPI vesicles (Orci et al., 2000; 
Beck et al., 2009). 
5 
 
At least two models for intra-Golgi transport are proposed. In vesicular transport 
model, a stack is a stable component and secretory proteins are transported across the stack 
by transport vesicles that bud from one cisterna and fuse with the next in anterograde 
transport vesicles. In the cisternal progression/maturation model, ER-derived carriers are 
fused and form a new cis-cisterna at the cis-side of the stack. The cisterna gradually matures 
into a medial, a trans and then a TGN cisterna while resident Golgi proteins are recycled 
back to upstream cisternae by COPI vesicles (Glick and Luini, 2011). 
In higher eukaryotic cells, especially in vertebrate cells, the Golgi apparatus is 
assembled to form a ribbon-like structure at a perinuclear area near the centriole. The ribbon-
like structure of the vertebrate Golgi apparatus is proposed to have important roles for the cell 
polarization (Bisel et al., 2008). However, the mechanism for the maintenance of the Golgi 
structure, especially the formation of the ribbon-like structure, remains obscure. To 
understand this, artificial disruption of the Golgi structure has been employed in many 
instances. The structure of the Golgi apparatus is disturbed by various treatments such as 
temperature change, cellular stress and chemical compounds that affect the secretory 
pathway. For example, at 20°C, the transport out of the Golgi is blocked and a large bulging 
domains in trans-side cisternae (Ladinsky et al., 2002). During apoptosis, the Golgi complex 
is dramatically disassembled due to changes in the Golgi structural proteins (Hick and 
Machamer, 2005). The disassembly of Golgi apparatus was also found in hyper-excitable 
neurons from increased potassium concentration (Thayer et al., 2013). During cell cycle, the 
Golgi apparatus disassembles when a cell enters into mitosis and reassembles after the cell 
division. Mitotic fragmentation of the Golgi is triggered by CDK1/cyclin B that inhibits 
transport vesicle fusion to the Golgi cisternae, while the vesicle budding from the Golgi 
cisternae remains constant (Warren et al., 1995; Nakamura et al., 1997; Lowe et al., 1998). A 
fungal metabolite Brefeldin A (BFA), blocks ER-to-Golgi and intra-Golgi vesicular transport 
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of secretory and membrane proteins. BFA treatment causes recycling back of Golgi resident 
enzymes to ER leading to the Golgi disassembly (Lippincott-Schwartz et al., 1989; Wagner 
et al., 1994; Niu et al., 2005). In my laboratory, it was found that Golgi apparatus quickly 
disassembles in a low pH medium. However, the mechanism of the Golgi disassembly was 
not investigated. Therefore, I decided to clarify the mechanism of the low pH induced Golgi 
disassembly to obtain a clue to understand the mechanism of the maintenance of the Golgi 
structure. The results of this analysis was described and discussed in Chapter I. 
The structure of the Golgi apparatus is highly dynamic and has to be maintained by 
the balance of input and output of vesicular and tubular carriers (Mollenhauer and Morré, 
1993; Ward et al, 2001). Excess vesicle budding consumes the Golgi membrane leading to 
the disassembly of the Golgi apparatus while excess vesicle fusion cause enlargement of the 
Golgi apparatus with slower transport out of the secretory proteins. How the input and output 
is balanced is not well understood while it is apparent that the control of vesicle fusion has to 
be a key. After the vesicles are budded from the donor membrane, they move to the target 
membrane mediated by diffusion or motor dependent transport. The initial physical link 
between a vesicle and a target membrane is occurred when a vesicle is tethered by (a) 
tethering factor(s), such as coiled-coil proteins or multimeric tethering complexes (Lupashin 
and Sztul, 2005; Cai et al., 2007). The fusion of vesicles with Golgi membrane is then 
promoted by membrane-bound proteins known as SNAREs (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor). 
 The vesicle budding/fusion may also be mediated by Yip1p, a YIP domain family 
protein, which was first identified in the Saccharomyces Cerevisiae.  This protein interacts 
with Ypt1p and Ypt31p, the yeast homologs of mammalian Rab1 and Rab11, respectively 
(Yang et al., 1998). Yip1p forms a complex with Yif1p and Yos1p. This complex is found in 
ER-derived COPII transport vesicles and thought to function in the vesicle docking/fusion at 
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the Golgi apparatus. Yip1p-Yif1p complex interacts ER to Golgi SNAREs Bos1p and Sec22p 
(Barrowman et al., 2003; Heidtman et al., 2003; Heidtman et al., 2005). Nine human family 
members of the Yip1p/Yif1p family (YIPF) were identified (Shakoori et al., 2003). YIPF5 
and YIPF3 were reported to interact with YIF1A and YIPF4, respectively. They localize in 
the ERGIC and the Golgi apparatus and maintain the Golgi structure (Yoshida et al., 2008; 
Tanimoto et al., 2011). YIPF1, YIPF2 and YIPF 6 are other family members of Yip domain 
family protein in human but the localization and their function were not determined. 
Therefore, I decided to analyze the localization and function of these proteins to explore their 
function in the maintenance of the Golgi structure. The results of this analysis was described 
and discussed in Chapter II. 
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Chapter I. The disassembly of Golgi apparatus and its mediated 
factors under acidic extracellular pH condition  
The study in this chapter was published on Experimental Cell Research 328, p325-339 in 
2014 as “Low cytoplasmic pH reduces ER-Golgi trafficking and induces disassembly of the 
Golgi apparatus” by Soonthornsit , J., Yamaguchi, Y., Tamura, D., Ishida, R., Nakakoji, Y., 
Osako, S., Yamamoto, A., Nakamura, N. 
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Introduction 
In mammalian cells, Golgi apparatus has a stacked cisternal structure and the Golgi 
stacks are laterally connected to form a continuous ribbon-like structure in most of higher 
eukaryote cells (Shorter and Warren, 2002). The reason of this has not been well understood, 
but it is thought to relate with the polarized secretion and transport of membrane proteins. 
The Golgi structure is thought to be necessary for driving the normal Golgi function.  The 
Golgi morphological changes often lead to the abnormalities of Golgi function. For example, 
the cisternae are very thin and stacks show a circular structure when the protein synthesis is 
blocked (Taylor et al., 1997). The decrease of the tensile force for extending Golgi ribbon of 
GOLPH3/MYO18A/F-actin perturbed Golgi trafficking and morphology (Dippold et al., 
2009). BFA drug treatment causes the Golgi disassembly, the newly synthesized protein 
appeared to be retained and Golgi enzymes are redistributed to ER (Klausner et al., 1992). 
Golgi ribbon were broken down into mini-stacks in many neurological diseases including 
Parkinson’s disease, which is caused by phosphorylation of Golgi structural proteins (Joshi et 
al., 2014). These observations indicated that the maintenance of the Golgi structure is 
supported by many factors localized on the Golgi apparatus. 
The Golgi structure is maintained by highly dynamic of vesicular and tubular carriers.    
The docking of vesicles on Golgi membrane is mediated by many factors, including Golgi 
matrix proteins that are involved in the regulation of membranes traffic and maintenance of 
Golgi morphology (Martinez-Alonso and Tomas, 2013). During cell division, Golgi 
apparatus undergoes cisternal unstacking induced by mitotic phosphorylation of tethering 
proteins called Golgi matrix proteins, GRASPs and GM130. After the exit from the mitosis 
the Golgi apparatus is restacked by the re-activation of tethering proteins that mediate Golgi 
membrane and vesicle fusion. (Lowe et al., 1998; Tang and Wang, 2013). In interphase cells, 
the inhibition of ER to Golgi transport cause the fragmentation of the Golgi apparatus 
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concomitant with the relocalization of the Golgi resident proteins to the ER while the Golgi 
matrix proteins are retained in punctate structures scattered in the cytosol (Yoshimura et al., 
2004). 
Tubular structures are frequently found to emanate from the Golgi apparatus, 
however, the molecular machinery of Golgi tubule formation has not clearly understood. The 
formation of membrane tubules is thought to require a high degree of transmembrane lipid 
asymmetry, which can be produced by special protein machinery and metabolism. 
Phospholipase A2 (PLA2) enzymes cleave fatty acids at the sn-2 position of glycerol and 
phospholipids, which generates a free fatty acid and a lysophospholipid, and generate the 
membrane curvature (Bechler et al., 2012). PLA2s are reported to play roles in Golgi tubule 
formation and maintenance of the Golgi structure (Bechler et al., 2011). 
The position of Golgi apparatus and the movement of transport carriers around Golgi 
are regulated by cytoskeleton (Brown et al., 2014; Ho et al., 1989). Nocodazole-induced 
microtubule depolymerization induces a breakdown of the Golgi ribbon into mini-stacks. 
This process is reversible and the mini-stacks are reformed into a normal Golgi ribbon after 
the washout of the drug (Ho et al., 1989). 
In my laboratory, it was found that Golgi apparatus quickly disassembled in a low pH 
medium. In this chapter, the analyses of the mechanism of the low pH induced Golgi 
disassembly are described. 
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Results 
The reversible disassembly of Golgi apparatus induced by low pH medium 
Golgi apparatus was quickly disassembled when HeLa cells were incubated in a low 
pH medium (pH 6.3). GM130, cis-Golgi marker, was markedly disassembled and found in 
tubular structures at 15 minutes. The Golgi was completely fragmented within 30 minutes 
and cis-Golgi was not observed as a ribbon-like structure anymore. The cis-Golgi was 
completely dispersed toward the cell periphery within 60 minutes of the low pH treatment. 
The similar disassembly was also observed for giantin, media-/trans-Golgi marker. Giantin 
showed complete fragmentation and dispersal within 60 minutes (Fig. 1A left panels). It was 
noted that the disassembly of the medial/trans marker was significantly slower compared 
with cis-Golgi marker (discussed later again). To determine whether the Golgi disassembly 
was reversible, the medium was changed to the control pH (pH 7.3) after 60 minutes of low 
pH medium incubation. The dispersed Golgi fragments started to reassemble into larger 
fragments at 15 minutes, then those were further accumulated around juxtanulclear position 
and reformed a ribbon-like structure at 30-60 minutes, and completely reassembled within 
120 minutes (Fig. 1A right panels). This result indicated that disassembly of the Golgi 
apparatus induced by the low pH medium was a reversible phenomenon. 
The response of the Golgi apparatus under low pH condition was not specific to HeLa 
cells, the Golgi disassembly was also found in HEK293 cells. The disassembly phenotype 
was similar to HeLa cells so that cis- and media-/trans-Golgi marker were disassembled after 
30 minutes and reassembled within 2 hours (Fig. 1B).  
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All Golgi compartments were disassembled and cis-Golgi was disassembled prior to the 
other compartment. 
It was found that the cis-Golgi (GM130) responded to the low pH treatment quickly 
and was significantly separated from the medial- (GlcNAc-T1-GFP), trans-Golgi (GalT-RFP) 
and TGN (TGN46) compartments after the dispersal. Tubular structures of cis-Golgi were 
observed within 15 minutes after low pH medium incubation, then the cis-Golgi tubules were 
gradually decreased and smaller fragments were continuously increased at the cell periphery 
within 30 minutes. On the other hand, the medial-, trans-Golgi and TGN were disassembled 
in a slower kinetics, and those markers were clearly colocalized in larger fragments around 
juxtanuclear position (Fig. 2). Tubular structures were not found for these markers. This 
result suggested that cis-Golgi was more sensitive to low pH treatment and disassembled 
prior to the other part of the Golgi apparatus. 
The ultrastructural observation was performed using electron microscopy. In control 
pH, Golgi apparatus was observed as a stacked cisternal structure surrounded with vesicles 
around the juxtanuclear position. On the other hand, the Golgi stack was not found after the 
low pH incubation (Fig. 3, left panel). Only cluster of inflated vesicles were observed in the 
juxtanuclear position where the Golgi stack were located in control condition. This result 
indicated that the whole Golgi stack disassembled by the low pH treatment. 
 
Anterograde transport was delayed under the low pH condition. 
To investigate the function of Golgi apparatus after the low pH-induced Golgi 
disassembly, the transport of vesicular stomatitis virus glycoprotein of the tsO45 mutant 
(VSV-G tsO45) fused with GFP as a membrane protein marker was used for monitoring the 
anterograde transport. VSV-G (tsO45)-GFP is accumulated in the ER at restricted 
temperature (39.5˚C) and is permitted to transport out of the ER to plasma membrane at 
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permissive temperature (32˚C) (Presley et al., 1997). HeLa cells were allowed to express 
VSV-G (tsO45)-GFP at 39.5˚C overnight in a control pH medium, and then were incubated 
in control pH or low pH medium for 1 hour at 39.5˚C. The temperature was shifted to 32˚C in 
the presence of cyclohexamide to inhibit a new protein synthesis in the ER. The transport of 
VSV-G (tsO45)-GFP protein was observed in each time point as described in Fig. 4. 
In control medium, VSV-G (tsO45)-GFP protein was appeared in cytoplasmic 
reticular structure and nuclear envelope, a typical ER pattern, before the temperature shift. 
After the temperature shift, VSV-G (tsO45)-GFP protein partly appeared as a juxtanuclear 
ribbon like structure and colocalized with GM130 at 15 minutes indicating the delivery to the 
Golgi apparatus. At 45 minutes, VSV-G (tsO45)-GFP mostly colocalized with GM130 and 
partially presented at the plasma membrane while reticular structure and nuclear envelope 
was disappeared, indicating that most of VSV-G (tsO45)-GFP was transported out of ER. 
After 2 hours, it was mostly transported to plasma membrane and completely cleared from 
Golgi apparatus at 4 hours after the temperature shift (Fig. 4, upper gallery).  
In low pH medium, VSV-G (tsO45)-GFP was also appeared in the ER before the 
temperature shift. However, a VSV-G (tsO45)-GFP was mostly remained in the ER after 15 
minutes, and only partially colocalized with GM130 at 45 minutes. The transport of VSV-G 
(tsO45)-GFP to the plasma membrane was significantly delayed and only partial plasma 
membrane localization was observed after 4 hours. This result suggested the anterograde 
transport of VSV-G (tsO45)-GFP was strongly inhibited under the low pH condition (Fig. 4, 
lower gallery). 
 
No effect in actin structure under low pH treatment. 
 The maintenance of the Golgi morphology also involves cytoskeleton (Ho et al., 
1989; Dippold et al., 2009). Therefore, I investigated the structure of the actin filaments using 
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fluorescent conjugates of phalloidin (FITC-phalloidin) after the incubation with a control or 
low pH medium for 30 minutes. In Fig. 5, no significant effect in actin filament structure was 
observed between a control and low pH condition. This result indicated that the disassembly 
of Golgi apparatus was not mediated by the disruption of actin filaments.    
 
PLA2 inhibitors protected Golgi disassembly induced by low pH treatment. 
Cis-Golgi tubules appeared in early stage of Golgi disassembly after low pH 
treatment. Then, cis-Golgi tubules gradually decreased and the cis-Golgi fragments 
continually increased until the complete disassembly after 30 minutes. Therefore, it was 
suggested that these tubules might mediate the disassembly of the Golgi apparatus under the 
low pH condition. I focused on a group of phospholipase A2 (PLA2)s because they were 
reported to be involved in the formation of membrane tubules from Golgi apparatus (Bechler 
et al., 2012). HeLa cells were treated with a control or low pH medium in the presence of 
PLA2 inhibitors, NO-RS-082 (ONO), bromoenol lactone (BEL), cPLA2α inhibitor 
(Pyrrolidine derivative), arachidonyl trifluoromethyl ketone (AACOCF3) or methyl 
arachidonyl fluorophosphonate (MAFP) for 30 minutes fixed and analyzed by 
immunofluorescence staining. The results showed that only ONO and BEL significantly 
inhibited the Golgi disassembly induced by low pH treatment. The Golgi ribbon was clearly 
observed in juxtanuclear position at higher concentration of the drugs (Fig 6A). In contrast, 
Golgi apparatus was completely fragmented in the presence of cPLA2α inhibitor, MAFP or 
AACOCF3. Notably, GM130 diffused over the cytoplasm at high concentration of 
AACOCF3 in control and low pH treated cells (Fig. 6B). The mechanism of the diffusion of 
GM130 under this condition is unclear and has to be analyzed in future. To confirm the 
protective effect of ONO and BEL, the number of the cells that showed the ribbon-like 
structure of the Golgi apparatus (cells with protective effect) were counted (Fig. 7A). As 
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shown in Fig. 7B, the clear inhibition was found more than 40% of cells at 540 µM and 80 
µM for ONO and BEL, respectively. This inhibition was clearer and stronger at higher 
concentration of the drugs. These results suggested that PLA2 promotes the Golgi 
disassembly under low pH condition.  
 
The Rab1 suppressed the Golgi disassembly and dispersal under low pH treatment 
 Rab proteins are major regulators of membrane trafficking and essential for 
maintenance of Golgi structure via the regulation of vesicle tethering, and fusion (Schwartz et 
al., 2007; Liu and Storrie, 2012). Especially, Rab1 was reported to be involved in ER-to-
Golgi and intra Golgi transport, and also in the maintenance of Golgi structure (Wilson et al., 
1994). Therefore, involvement of Rab1 in the Golgi disassembly under low pH condition was 
analyzed. HA-tagged wild type Rab1 (HA-Rab1) was expressed in HeLa cells for 24 hours 
and treated with low pH. As shown in Fig. 8, the Golgi apparatus appeared in smaller 
fragments and more dispersed toward the cell periphery in non-expressing cells. In contrast, 
the Golgi apparatus was slightly fragmented but mostly in a ribbon-like structure 
accumulated at juxtanuclear position by HA-Rab1 overexpression. This result suggested that 
Rab1 protected the Golgi apparatus from the disassembly induced by low pH medium.  
 
The overexpression of Rab1 did not rescue anterograde transport under low pH 
treatment 
According to the results in Fig.4, low pH treatment induced the disassembly of the 
Golgi apparatus and significantly delayed VSV-G (tsO45)-GFP transport from ER to plasma 
membrane. Because overexpression of HA-Rab1 suppressed the disassembly of Golgi 
apparatus (Fig. 8), the overexpression of HA-Rab1 may rescue the VSV-G (tsO45)-GFP 
transport in a low pH medium. The exogenous HA-Rab1 was transfected into HeLa cells, and 
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then allowed to expressed VSV-G (tsO45)-GFP at 39.5˚C overnight in a control pH medium, 
and then cells were incubated in control pH or low pH medium for 1 hour at 39.5˚C. The 
temperature was shifted to 32˚C in the presence of cycloheximide and incubated for indicated 
time. Similar to the results described above (Fig. 4), VSV-G (tsO45)-GFP was transported to 
the Golgi apparatus after 15 minutes and reached to the plasma membrane after 45 minutes 
when cells were incubated with control pH medium. No difference was observed in Rab1 
expressing and non-expressing cells (Fig. 9, upper gallery). Similar to the previous result 
(Fig. 4), the low pH treatment strongly reduced the transport of VSV-G (tsO45)-GFP. Again, 
no difference was observed for the transport of VSV-G (tsO45)-GFP in Rab1 expressing and 
non-expressing cells (Fig. 9, lower gallery). This result indicated that the overexpression of 
HA-Rab1 could not rescue VSV-G (tsO45)-GFP transport under the low pH condition. 
 
High temperature negated the Rab1 function for suppressing the Golgi disassembly  
Next, I tried to determine why HA-Rab1 overexpression could not rescue the 
transport of VSV-G (tsO45)-GFP. In VSV-G (tsO45)-GFP transport assay, I found that the 
Golgi disassembly was not protected from the disassembly by the overexpression of HA-
Rab1 as described above (Fig. 9). It was possible that, the temperature may affect the 
function for Rab1. To investigate this, the structure of the Golgi apparatus was analyzed in 
different temperatures. HeLa cells were allowed to express HA-Rab1 24 hour and the cells 
were incubated in three different temperature conditions, 32˚C, 37˚C and 39.5˚C for 1 hour, 
and finally, the cells were treated with a control pH and a low pH medium at 32˚C, 37˚C and 
39.5˚C for 30 minutes.   
In control pH, the Golgi apparatus showed typical ribbon-like structure at 32˚C and 
37˚C and the expression of HA-Rab1 did not affect this structure (Fig. 10, upper gallery) 
similar to the result described above (Fig. 8, upper panels). Interestingly, Golgi apparatus was 
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slightly fragmented in non-expressing cells at 39.5˚C. While normal Golgi ribbon was 
observed in HA-Rab1-expressing cells. 
Similar to the results described above (Fig. 8), the expression of HA-Rab1 clearly 
suppressed the disassembly of the Golgi apparatus by the low pH treatment at 37˚C and 32˚C. 
On the other hand, the expression of HA-Rab1 did not inhibit the Golgi disassembly at 
39.5˚C in low pH treated cells although the careful observation revealed that the dispersal of 
the Golgi apparatus was incomplete in the HA-Rab1 expressing cells (Fig. 10, lower gallery). 
These results strongly suggested that the high temperature incubation negated the effect of 
Rab1 and this is the reason why Rab1 expression did not rescue the transport of VSV-G 
(tsO45)-GFP.  
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Discussions 
Extracellular acidification is found in a number of diseases such as cancer, ischemia 
and inflammation (Vaupel et al., 1989). An acidic extracellular pH of tumor 
microenvironment, which facilitates the cell invasion of metastatic breast cancer cells, 
induces a low intracellular pH results in a relocalization of lysosomes from the perinuclear 
region to the cell periphery (Glunde et al., 2003). The low cytoplasmic pH has multiple 
effects to intracellular organelles. For instance, an acidic pH induces DNA damage via a 
topoisomerase II (TOP2) isozymes dependent pathway and trigger tumor cell death (Xiao et 
al., 2003). It also enhances VEGF transcription leading to increased VEGF production, which 
induces angiogenesis to promote tumor growth (Xu et al., 2002). The low pH changes the 
redistribution of late endosomes and lysosomes towards the plus ends of the microtubules 
(Heuser, 1989; Parton et al., 1991). Here, I found that Golgi apparatus was completely 
disassembled within 30 minutes after the low pH medium (pH6.3) incubation and it was 
reassembled to form a ribbon-like structure within 2 hours after replacing with a control pH 
medium in both HeLa and HEK293 cells (Fig. 1). The similar response is found in other cell 
lines such as normal rat kidney (NRK), PC12 cells and Chinese hamster ovary (CHO) cells 
(Soonthornsit et al., 2014). The first observation of Golgi disassembly in low pH medium 
was reported in hepatoma cells after prolonged incubation (Yoshida et al., 1999). These 
findings suggested that the reversible disassembly of the Golgi apparatus induced by a low 
pH condition was not cell type-specific, while the sensitivity of Golgi disassembly was 
depended on the cell type. We have found that low pH medium reduced the cytoplasmic pH 
but not the luminal pH of Golgi apparatus suggesting that the low cytoplasmic pH trigger the 
disassembly of the Golgi apparatus (Soonthornsit et al., 2014).  
The ultrastructural observation showed that the low pH treatment induced the 
disassembly of the whole Golgi apparatus (Fig. 3). Cis-Golgi was separated from medial-
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/trans-Golgi and TGN. The cis-Golgi was disassembled prior to other Golgi compartments 
and tubular structures were appeared from the cis-Golgi in early stage of the low pH 
incubation. Then, cis-Golgi tubules were gradually decreased, while cis-Golgi fragments 
were increased in later stage of incubation. The tubular structures were clearly observed in 
live cell imaging. They were emanated from cis-Golgi leading to complete disassembly of 
cis-Golgi compartment (Soonthornsit et al, 2014). In contrast, medial-/ trans-Golgi and TGN 
did not show tubular structures (Fig. 1 and 2). This phenotype was different from BFA- and 
nocodazole-induced Golgi disassembly. BFA causes a rapid and dramatic redistribution of 
Golgi residential enzymes to the ER. Clear Golgi tubules emanating from medial-/ trans-
Golgi and TGN were observed at early stage and ER-like structure were observed at late 
stage after BFA treatment (Lippincott-Schwartz et al., 1898; Klausner et al., 1992). 
Nocodazole depolymerizes microtubules and mediates the disassembly of the Golgi apparatus 
while cis-, medial- and trans-Golgi compartments associate in same punctate structures, 
which are found to be a mini-Golgi stack (Ho et al., 1989). No tubular structure was formed 
by nocodazole treatment. 
The low pH medium treatment significantly reduced anterograde transport of VSV-G 
(tsO45)-GFP in both ER-to-Golgi and Golgi-to plasma membrane level (Fig. 4). This result is 
similar to the previous report that VSV-G protein transport was delayed under low pH.  VSV-
G was accumulated in TGN, which thought to be caused by the inhibition of vesicular 
budding at TGN (Cosson et al., 1989).  
The maintenance of Golgi structure was associated with cytoskeleton, including 
microtubules and actin filaments. The disruption of microtubule such as the nocodazole 
treatment causes Golgi mini-stack formation. However, the structure of microtubules was not 
changed by the low pH treatment (Soonthornsit et al, 2014).  In addition, no significant effect 
in actin filament structure was observed (Fig. 5). Therefore, it was strongly suggested that 
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Golgi disassembly induced by a low pH medium was not mediated by the direct disruption of 
microtubules or microfilaments. Instead, it is probable that motor proteins are involved in the 
disassembly. The localization of Golgi apparatus at juxtanuclear position is regulated by 
dynein and kinesin, which move along microtubules. It is well known that dynein pulls Golgi 
apparatus to the minus ends and anchors the Golgi apparatus at centrosomes. Kinesin pulls 
Golgi apparatus to the plus ends of microtubules toward the cell periphery. There was a 
report that low cytoplasmic pH induced microtubule-dependent redistribution of late 
endosomes and lysosomes, which were thought that the activity of kinesin would be over 
dynein (Parton et al., 1991). There is a possibility that the pulling force of dynein might be 
lower than kinesin in low pH condition. Similar to endosomes and lysosomes, the Golgi 
ribbons may be pulled toward the cell periphery leading to the fragmentation and dispersal of 
the Golgi apparatus dependent of the microtubules. This possibility has to be evaluated in 
future. 
Structure of the Golgi apparatus is maintained by the balance of input and output of 
vesicular and tubular elements. Tubules form extensive network and facilitate intra-Golgi 
transport and transport between the Golgi apparatus and others organelles such as ER and 
endosomes (Martinez-Alonso and Tomas, 2013). During the Golgi disassembly by low pH 
treatment, cis-Golgi tubules appeared in tubular structures within 15 minutes and the tubular 
structures were gradually decreased at later time points and, concomitantly, cis-Golgi 
fragments were increased (Figs. 1 and 2). These tubules were found at peripheral cytoplasmic 
region and showed dynamic movement by live cell imaging (Soonthornsit et al, 2014). These 
results suggested that the Golgi disassembly induced by the low pH treatment was mediated 
by the formation of tubules from the cis-Golgi. There have been the reports that the formation 
of membrane tubules required a high degree of transmembrane lipid asymmetry, which was 
mediated by phospholipase enzymes. So far, at least three phospholipase A2 (PLA2), 
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including Ca
2+
-dependent PLA2- (cPLA2), Ca
2+
-independent PLA2-β (iPLA2-β) and 
platelet-activating factor acetylhydrolase Ib (PAFAH Ib), were reported to induce tubules 
form the Golgi membrane (Bechler et al., 2011; Martinez-Alonso and Tomas, 2013). The 
PLA2 antagonists, which were used in this study, have multiple targets. ONO inhibits 
cPLA2, iPLA2-β and PAFAH Ib. BEL inhibits iPLA2-β and PAFAH Ib. CPLA2α inhibitor 
inhibits cPLA2α. AACOCF3 and MAFP inhibit cPLA2 and iPLA2-β (Bechler et al, 2012).   
As shown in Fig. 6, only ONO and BEL showed clear inhibition of the Golgi disassembly. 
Therefore, it is most probable that platelet-activating factor acetylhydrolase (PAFAH Ib) is 
responsible for the disassembly of the Golgi apparatus induced by the low pH treatment. 
PAFAH Ib consists of two catalytic subunits, α1 and α2, and one the dynein regulator 
lissencephaly1 (LIS1) subunits. It was reported that PAFAH Ib induced tubules from the 
Golgi membrane. The knockdown of α1 and α2 subunits of PAFAH Ib induces fragmentation 
of the Golgi ribbon and inhibits tubule-mediated Golgi reassembly during recovery from 
BFA (Bechler et al, 2010). Therefore, it is possible that the low pH treatment altered the 
activity of PAFAH Ib inducing tubule formation from the Golgi apparatus leading to the 
disassembly of the Golgi apparatus. 
Rab family GTPases are essential regulators in vesicular tethering and fusion for 
maintaining the Golgi structure. It was found that the overexpression of Rab1 suppressed the 
Golgi disassembly induced by a low pH treatment (Fig. 8).  The inhibition was also found by 
the expression of Rab41 (Soonthornsit et al, 2014), which is also reported to be required for 
the maintenance of the ribbon-like structure of the Golgi apparatus (Liu et al., 2013). These 
results suggested that at least Rab1 and Rab41 protect the Golgi apparatus from the 
disassembly induced by the low pH treatment. It is known that Rab1 is required for the 
tethering of COPII vesicle and Golgi maintenance (Haas et al., 2007). Therefore, it is 
possible that Rab1 has less activity in low cytoplasmic pH while the overexpression of Rab1 
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compensated the vesicle tethering / fusion to the Golgi membrane leading to the suppression 
of Golgi disassembly. 
The over expression of Rab1 could not rescue the anterograde transport under the low 
pH treatment (Fig. 9). This was shown to be correlated with the fragmentation of the Golgi 
apparatus at high temperature (Fig. 10). It is most probable that vesicle tethering / fusion at 
the Golgi apparatus mediated by Rab1 is compromised by the low pH treatment and also by 
high temperature treatment leading to the fragmentation and dispersal of the Golgi apparatus. 
The relationship of the functions of Rab1 and PLA2 in low cytoplasmic pH or/and high 
temperature condition should be investigated in future. 
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Chapter II. The localization of YIPF1, YIPF2 and YIPF6 and 
their functions 
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Introduction  
 Rab/Ypt GTPase family proteins are known to be involved in vesicular trafficking, 
which mediates intracellular transport, secretion, and endocytosis (Schmitt et al., 1986; 
Salminen and Novick, 1987; Bucci et al., 1995; Bucci et al., 2000).  In yeast, the mutation of 
Ypt1 blocks in ER to cis-Golgi and cis- to medial-Golgi transport (Jedd et al., 1995). On the 
other hand, the mutation of Ypt31p and Ypt32p block the protein export from the late 
exocytic pathway (Jedd et al., 1997). Yip1p was identified as a protein, which interact and 
facilitate Ypt1p and Ypt31p function. Yip1p is an integral membrane protein that localizes in 
Golgi apparatus in steady state. The Yip1p mutation inhibits protein transport at early stage in 
biosynthetic pathway and impairs the glycosylation process, which is essential for cell 
viability (Yang et al., 1998). Yip1p forms a heteromeric complex with another multi-
spanning integral membrane protein termed Yif1p (Matern et al., 2000). Yip1p-Yif1p 
complex mediate the COPII vesicle budding from the ER and/or fusion to the Golgi 
membrane (Barrowman et al., 2003; Heidtman et al., 2003).   
 Nine human family members of the Yip1p/Yif1p family (YIPF) were identified and 
found to localize in ER and Golgi apparatus. The proteins have five transmembrane segments 
and expose the N-terminus to cytoplasm and the C-terminus to the lumen. Similar to Yip1p 
and Yif1p in budding yeast, YIPF5 (Yip1A) and YIF1A, the human orthologue of Yip1p and 
Yif1p, respectively, form a complex. In addition, YIPF4 and YIPF3, a homologue of YIPF5 
and YIF1A, respectively, form a complex. These interactions are mediated by their 
transmembrane regions (Shakoori et al., 2003). Moreover, the loss of YIPF5 and YIPF3 
reduced the amount of their partners, suggesting that they are essential for stabilizing their 
partners. The YIPF4-YIPF3 complex is concentrated in the cis-Golgi compartment and 
involved in the maintenance of Golgi structure (Tanimoto et al., 2011). The YIPF5-YIF1A 
complex localizes in ERGIC and some in cis-Golgi compartment (Yoshida et al., 2008). The 
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knockdown of YIPF5 delays the retrograde transport of Shiga toxin (Kano et al., 2009) and 
anterograde transport of VSVG protein. Moreover, YIPF5 knockdown was reported to induce 
the loss of the peripheral tubular ER network, the clustering of ER membranes and the 
slowing down of the protein export (Dykstra et al., 2010). These results indicated that 
Yip1p/Yif1p family proteins play some roles in vesicular trafficking and directly or indirectly 
involved in the maintenance of the structure of Golgi apparatus and the ER. Because yeast 
Yip1p was shown to interact with Ypt proteins, it is a probable that human YIPF proteins 
interact with Rab proteins to regulate the vesicular transport. 
YIPF1, YIPF2 and YIPF6 are Yip1p/Yif1p family members and were reported to 
localize in Golgi apparatus (Shakoori et al., 2003). YIPF1 and YIPF2 are human homologues 
of Yif1p, and YIPF6 is a human homologue of Yip1p. Using Yeast two hybrid analysis, 
YIPF1 and YIPF2 showed strong interaction with YIPF6 (Shakoori et al., 2003), however, 
their precise localization and their roles have not been analyzed. In this chapter, the analysis 
of the precise location and their function are described. 
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Results 
YIPF1, YIPF2 and YIPF6 localized in medial-, trans-Golgi and TGN 
To analyze the precise localization of YIPF1, YIPF2 and YIPF6, affinity purified 
rabbit polyclonal antibodies for these proteins were produced and used for double 
immunofluorescence staining. GM130 and TGN46 were used for the markers of cis-Golgi, 
and TGN, respectively and GlcNAc-T1-RFP, GALT1-RFP were transiently expressed in 
HeLa cells and used for medial- and trans-Golgi markers. 
All markers appeared as a ribbon-like structure at juxtanuclear position. The 
endogenous YIPF1, YIPF2 and YIPF6 also showed a ribbon-like structure and were partially 
overlapped with GlcNAc-T1-RFP, GalT-RFP and TGN46. In contrast, All YIPFs were 
clearly separated with GM130, cis-Golgi marker (Fig. 11). These results suggested that 
YIPF1, YIPF2 and YIPF6 mainly localized in medial-, trans-Golgi and TGN. 
To confirm the localization of YIPF1, YIPF2 and YIPF6, the cells were subjected to 
the low pH treatment, in which cis-Golgi (GM130) was disassembled prior to the other Golgi 
compartments (Fig. 12). After 15 minutes of the low pH treatment, cis-Golgi was appeared in 
both tubular and punctate structures. On the other hand, medial-, trans-Golgi and TGN Golgi 
compartments were disassembled slower appearing in larger fragments without tubular 
structures. In low pH treatment, YIPF1, YIPF2 and YIPF6 clearly overlaid with the GlcNAc-
T1-RFP, GalT-RFP and TGN46, which were separated from GM130. These results 
confirmed that YIPF1, YIPF2 and YIPF6 were mainly localized in medial-, trans-Golgi and 
TGN. 
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Knockdown of YIPF1, YIPF2 and YIPF6 
To investigate the function of YIPF1, YIPF2 and YIPF6, the knockdown of these 
proteins were performed. HeLa cells were transfected with siRNA targeting for YIPF1, 
YIPF2 and YIPF6 and incubated for 3 days. The cells were then analyzed by western blotting 
to quantitate the efficiency of the reduction. As shown in Fig. 13, YIPF1, YIPF2 and YIPF6 
were successfully knocked down to less than 10%. Strikingly, YIPF1 and YIPF2 were 
strongly reduced by the knockdown of YIPF6. In contrast, knockdown of YIPF1 did not 
significantly affect the amount of YIPF6. The amount of YIPF6 was slightly reduced by 
YIPF2 knockdown but not to the level found by YIPF6 knockdown. Double knockdown of 
YIPF1 and YIPF2 did not further reduce the amount of YIPF6 (Fig. 13, F1+2KD). These 
results suggested that YIPF6 was important for stability of YIPF1 and YIPF2 but not vice 
versa. 
 
YIPF1, YIPF2 and YIPF6 knockdown reduced the disassembly of medial-, trans-Golgi 
and TGN induced by the low pH treatment 
After confirming the success of the knockdown of YIPF1, YIPF2 and YIPF6, whether 
these three YIPFs are involved in the maintenance of the Golgi structure was analyzed. 
YIPF1, YIPF2 and YIPF6 were singly or doubly knocked down in HeLa cells and subjected 
to the immunofluorescence analysis.  As a result, the reduction of YIPFs did not show 
obvious effect on the Golgi structure (Fig. 14A). This result suggested that the reduction of 
YIPF1, YIPF2 and YIPF6 did not affect the Golgi structure in steady state. 
Although the knockdown of YIPF1, YIPF2 and YIPF6 showed least effect on the 
morphology of the Golgi apparatus, it may be involved in the transport pathway, which is less 
active in normal condition. Therefore, we sought to activate transport pathway that is less 
active. Obviously, the low pH treatment described in Chapter I is a good candidate condition 
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to try. Thus, HeLa cells were knocked down for YIPF1, YIPF2 and YIPF6 and incubated in a 
low pH medium for 15 and 30 minutes. In control cells, GM130 appeared in tubular and 
punctate structures at juxtanuclear position and cell periphery at 15 minutes, and it was 
dispersed more to the cytoplasm at 30 minutes. Giantin and TGN46 presented in puncta in the 
juxtanuclear position at 15 minutes, and they redistributed toward the cell periphery at 30 
minutes (Fig. 14B). After the single knockdown of YIPF1, YIPF2 or YIPF6 and also after the 
double knockdown of YIPF1 and YIPF2, the disassembly of medial-/trans- Golgi and TGN 
by the low pH treatment was significantly inhibited. Giantin and TGN46 were remained in a 
ribbon-like structure at 15 minutes and, they were in bigger fragments and remained at the 
juxtanuclear position less dispersing toward the periphery of the cells at 30 minutes (Fig. 
14B). To confirm the significance of this effect, the cells showing intact Golgi and 
fragmented Golgi were categorized as shown in Fig. 15A and quantitated. As shown in Fig. 
15B, giantin and TGN46 was found in intact Golgi in more than 60% of the cells, in which 
YIPF1, YIPF2 were singly knocked down or doubly knocked down, after 15 minutes of low 
pH treatment. Similarly, giantin and TGN46 was found in intact Golgi in about 50% of cells, 
in which YIPF6 was knocked down at the same time point. Giantin and TGN46 was found in 
intact Golgi in more than 20% of the cells after 30 minutes of low pH in treatment, in which 
YIPF2 knocked down cells irrespective the simultaneous knock down of YIPF1, while no 
significant effect was found in other knockdown conditions. Interestingly, no significant 
effect was found for GM130 in any knockdown conditions. These results strongly suggested 
that YIPF1, YIPF2 and YIPF6 delayed the low pH induced disassembly of medial-/trans- 
Golgi and TGN but not the cis-Golgi. 
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YIPF1 and YIPF2 knockdown reduced the glycoprotein production  
Although the structure of the Golgi apparatus was not significantly affected at the 
normal condition, the significant delay of the Golgi dispersal after the low pH treatment 
invoked the possibility that the function of the Golgi apparatus was somewhat compromised 
after the knockdown of YIPF1, YIPF2 or YIPF6. Intriguingly, there was a report suggesting 
that YIPF6 is involved in the mucin secretion at the intestine (Brandl et al., 2012). To 
evaluate this possibility, the effect of the knockdown of YIPF proteins on the production of 
glycoprotein was investigated in a goblet cell line, HT-29, which produces higher amount of 
mucins.  
As shown in Fig. 16A and B, the knockdown of YIPFs were successful and the 
pattern of the reduction of YIPF proteins were similar as in the case of HeLa cells although 
the knockdown efficiency was slightly lower. The periodic acid-schiff (PAS) reaction was 
performed to visualize the glycoprotein. As shown in Fig. 15C, clear PAS staining was 
observed for all the conditions. However, careful observation revealed that the staining was 
fainter in YIPF1 or YIPF2 knockdown cells. To substantiate the difference in the staining, 
average density of the staining was quantitated by an image analysis as described in Materials 
and Methods. As shown in Fig. 16D, the average staining density was lower in YIPF1 or 
YIPF2 knockdown cells. Similar reduction was also observed in doubly knocked down cells 
for YIPF1 and YIPF2. Curiously, the average staining density was not significantly reduced 
in YIPF6 knocked down cells. 
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Discussions 
It was reported that the exogenously expressed YIPF1, YIPF2 and YIPF6 localized on 
Golgi apparatus (Shakoori et al., 2003). Consistent with this report, the endogenous YIPF1, 
YIPF2 and YIPF6 mainly localized in medial-, trans-Golgi and TGN (Fig. 11). They 
overlapped and behaved in similar way with medial-, trans-Golgi and TGN marker proteins 
during the Golgi disassembly induced by low pH treatment (Fig. 12). Yeast two-hybrid 
analysis showed YIPF1 and YIPF2 strongly interacted with YIPF6 (Shakoori et al., 2003). 
Accordingly, YIPF1, YIPF2 and YIPF6 formed a complex in HeLa cells (unpublished 
results). Here, it was found that the stability of YIPF1 and YIPF2 was dependent on the 
presence of YIPF6 (Fig. 13). These results strongly suggested that YIPF1, YIPF2 and YIPF6 
are the partners and forms a complex in medial-, trans-Golgi and TGN. 
It was reported that YIPF5-YIF1A and YIPF4-YIPF3 complex localized in ERGIC 
and cis-Golgi compartment, respectively, and they were involved the maintenance of Golgi 
structure (Tanimoto et al., 2011; Yoshida et al., 2008). On the other hand, the knockdown of 
YIPF 1, YIPF2 and YIPF6 did not shown any significant effect on Golgi structure in normal 
culture condition.  However, the disassembly of medial-, trans-Golgi and TGN under the low 
pH treatment was delayed by the knockdown either of these three YIPFs (Fig. 14). These 
results suggested that YIPF1, YIPF2 and YIPF6 functions to promote the disassembly of the 
Golgi apparatus. It is possible that YIPF1, YIPF2 and YIPF6 promote vesicle budding form 
the medial-, trans-Golgi and TGN under the low pH condition. 
The knockdown of YIPF2 delayed the disassembly induced by the low pH treatment 
in HeLa cells (Fig. 15). Accordingly, the glycosylated proteins in the cells were significantly 
reduced in YIPF2 knocked down HT29 cells (Fig. 15). Similar effect was found for YIPF1. 
However, the delaying effect for the low pH induced Golgi disassembly was weaker 
compared with YIPF2 (Fig. 15B, Low pH 30 min). Accordingly, the reduction of the 
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glycosylated proteins in the cells were slightly less in YIPF1 knocked down cells. The 
delaying effect for the low pH induced Golgi disassembly was further weak compared with 
YIPF1 and YIPF2. Accordingly, the glycosylated proteins in the cells were not significantly 
reduced in YIPF6 knocked down HT29 cells (Fig. 16). This result appeared to contradict with 
the report that the splicing mutation of YIPF6, which lacked transmembrane domain, caused 
the reduction of mucin content in Goblet cell and induces spontaneous intestinal 
inflammation in mice (Brandl et al., 2012). However, this mutant expresses a N-terminal 
cytosolic domain of YIPF6 as a result of the mutation. Therefore, the condition was different 
from our knockdown of YIPF6. The cytosolic domain of YIPF6 may interfere with a normal 
function of YIPF1/YIPF2 –YIPF6 complex exaggerating the normal function of the Golgi 
apparatus resulting in the defect in the mucin secretion. The effect of the expression of the 
cytosolic domain of YIPF6 is being analyzed in our laboratory to evaluate this possibility. 
The analysis whether YIPF1 and YIPF2 were reduced in this YIPF6 mutant may be necessary 
to resolve the discrepancy. 
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Materials and Methods 
Cell culture and pH conditioned media 
HeLa cells were grown in Dulbecco’s modified Eagle’s medium-high glucose 
(DMEM) (Sigma-Aldrich Corp., St. Louis, MO, USA) containing 10% fetal bovine serum 
(Invitrogen
TM
, Carlsbad, CA, USA). HT-29 cells were grown in Roswell Park Memorial 
Institute (RPMI)-1640 medium (Sigma-Aldrich Corp.) containing 10% heated inactivated 
serum. Both cell lines were maintained in humidified air with 5% CO2 at 37
o
C. For treated 
media, DMEM without bicarbonate (Sigma-Aldrich Corp.) was supplemented with 25mM 2-
[4-(2-Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES; Dojindo Laboratories, 
Kumamoto, Japan). Medium was then adjusted to pH 7.5 and pH 6.5 for control and low pH 
medium, respectively, and then media were supplemented with 10% fetal bovine serum, 
which did not affect the medium pH.  
 
Drug treatment 
2x10
5
 HeLa cells were seeded on 3.5 cm diameter dish and incubated at the growing 
condition for 24 hours. Then cells were treated with pre-warm control pH (pH 7.3) or low pH 
(pH 6.3) medium containing NO-RS-082 (ONO) (Biomol/Enzo Life Sciences, Inc. 
Farmingdale, NY, USA), bromoenol lactone (BEL) (Biomol), arachidonyl trifluoromethyl 
ketone (AACOCF3) (Sigma-Aldrich Corp.), methyl arachidonyl fluorophosphonate (MAFP) 
(Sigma-Aldrich Corp.) and cPLA2α inhibitor (Pyrrolidine derivative) (Calbiochem/ EMD 
Millipore, Billerica, MA, USA) for 30 minutes. The drug concentrations were described in 
Fig. 6.     
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Transfection and RNA interference 
The following plasmids were used for protein expressions: Rab1 tagged with HA at 
N-terminus was transferred to pcDNA3.1 (Invitrogen
TM
). β-1,3-N-acetylglucosaminyl 
transferase I tagged with GFP (GlcNAcT1-GFP) at C-terminus was transferred to pcDNA 
(Invitrogen
TM
). β-1,4-galactosyl transferase fused pTagRFP (GalT-RFP) was purchased from 
Evrogen (Moscow, Russia).  pTagRFP-T-N-SGG, which was kindly donated from Shibata 
laboratory (Nagoya Univ., Japan), was inserted with b1,3 N-acetylglucosaminyl transferase I 
(GlcNAcT1-RFP). 10
5
 HeLa cells were seeded on coverslips in 3.5 cm diameter dish and 
incubated at the growing condition for 16 hours before transfection. Cells were transfected 
with plasmids using FuGENE
®6 transfection reagent according to the manufacturer’s 
protocol (Promega, Co., Madison, WI, USA). 100 µl of the total volume of medium 
containing DNA and FuGENE
®
6 transfection reagent was prepared per one dish. A pre-warm 
serum free medium was added with 3 µl of FuGENE
®
6 transfection reagent and 1 ng of 
plasmid DNA, then the transfection solution was incubated at room temperature for 15 
minutes before transfection into cells.  
For siRNA transfection, The following Stealth
TM
 siRNA Duplex Oligonucleotides 
were used for transfection: YIPF1 (sense: 5’-AGAUCCUUU AAUUCUGUCAAAGACC-3’, 
antisence: GGUCUUUGACAGAAUUAAAGGAUCU-3’), YIPF2 (sense: 5’-GUCAGCUG 
AUCGCUUCUGCUGGUGG-3’, antisence: 5’-CCACCAGCAGAAGCGAUCAGCUGAC-
3’). For YIPF6 knockdown, three siRNAs targeting difference YIPF6 sequence were mixed 
before transfection for reducing non-specific effects. The siRNA sequence of YIPF6 were: 
YIPF6#1 (sense: 5’-UUUAGAUCACGCAUGAUGGUAUUGC-3’, antisence: 5’-GCAAU 
ACCAUCAUGCGUGAUCUAAA-3’), YIPF6#2 (sense: 5’-UAUACAGUAACCCAGCA 
CACAGAGG-3’, antisence: 5’-CCUCUGUGUGCUGGGUUACUGUAUA-3’), YIPF6#3 
(sense: 5’-AUAUCUGAAAGGCCUGCAAACAGGG-3’, antisence: 5’-CCCUGUUUGCA 
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GGCCUUUCAGAUAU-3’) (InvitrogenTM). The control transfection was Silencer Select 
Negative Control #1 siRNA (Ambion
®
). 10
5
 HeLa cells were seeded on coverslips in 3.5 cm 
diameter dish and incubated at the growing condition for 16 hours before transfection. Cells 
were transfected with siRNAs using Lipofectamin
TM2000 according to the manufacturer’s 
protocol (Invitrogen
TM
). For each transfection sample, 5 µl of Lipofectamin
TM
2000 was 
diluted in 250 µl Opti-Mem
®
 I reduced serum medium, mixed gently and incubated for 5 
minutes. The prepared reagent was added into 250 of Opti-Mem
®
 I reduced serum medium 
containing 100 pmol of siRNA and incubated at room temperature for 20 minutes before 
transfection into cells, and then were incubated for 72 hours, changing medium every 24 
hours. 
 
SDS-Page and Western blot analysis 
HeLa cells and HT-29 cells were extracted with lysis buffer (0.1M Tris-HCl (pH6.7), 
4% SDS). Equal amount of proteins, 10 µg of lysed cell was loaded per well, were separated 
on 12% SDS-polyacrylamine gels. The electrophoresis was performed at 20mA, 500V, and 
then discontinuous gel electrophoresis was carried out. Proteins were transferred onto 0.45 
µm pore size polyvinylidene fluoride (PVDF) (Immubilon®-P) at 100mA, 300V for 30 
minutes using modified western blotting with Amersham ECL kit system. The PVDF 
membranes were blocked with 5% non-fat dry milk in 0.2% Tween-20 in PBS (-) (Wash 
buffer) and were then further incubated with primary antibodies, affinity purified polyclonal 
rabbit anti-YIPF1, anti-YIPF2 and anti-YIPF6 antibodies, which were produce by Nakamura 
laboratory (KSU, Japan). The PVDF membranes were washed with wash buffer for 1 hour, 
changing wash buffer every 15 minutes. The second antibodies incubation, the PVDF 
membrane were labeled with horseradish peroxidase (HRP)-conjugated rabbit anti-IgG 
antibody (Tago Immunologicals, Burlingame, CA) for 1 hour and again washed with wash 
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buffer for 1 hour, changing wash buffer every 15 minutes. Finally, the reactions were 
developed by Immubilon
TM 
Western (Millipore
®
).   
 
Immunofluorescence staining 
The following antibodies were used for indirect immunofluorescence staining: for 
first antibodies, rabbit anti-human GM130 and rabbit anti-giantin (kindly donated by Dr. 
Misumi, Fukuoka Univ., Japan), mouse anti-GM130 monoclonal (BD Transduction 
Laboratories, Franklin Lakes, NJ, USA) and sheep anti-TGN46 (Serotec, Raleigh, NC). For 
secondary antibodies, Ax488 conjugated anti-rabbit (Molecular Probes Inc., Eugene, OR, 
USA), Ax488 conjugated anti-sheep, CY3 conjugated anti-mouse IgG, CY3 conjugated anti-
sheep IgG, CY5 conjugated anti-mouse IgG and CY5 conjugated anti-rabbit IgG were used 
for the experiments (Jackson ImmunoReseach Labs. Inc., West Grove, PA, USA). High-
affinity F-actin probe conjugated to the green fluorescent dye, fluorescein (FITC-phalloidin), 
was purchased from Invitrogen
TM
. 
HeLa cell grown on coverslips were fixed with 4% paraformaldehyde in 0.1M sodium 
phosphate buffer (PFA-PB) (pH7.4) for 20 minutes and washed with phosphate-buffered 
saline without Ca
2+
 and Mg
2+
 (PBS (-)) (Dulbecco and Vogt, 1954). 0.1% Triton X-100 in 
PBS was used for permeabilizing cells for 4 minutes and cells were washed with 0.2% (w/v) 
fish skin gelatin (Sigma-Aldrich Corp.) in PBS (-) (gelatin-PBS (-)). Then cells were 
incubated with gelatin-PBS (-) containing primary antibodies for 1 hour, washed three-times 
with PBS (-). The cells were incubated with secondary antibodies in gelatin-PBS (-) for 1 
hour and again washed with PBS (-). Then cells were fixed with 4% paraformaldehyde for 20 
minutes. For affinity purified polyclonal rabbit anti-YIPF1, anti-YIPF2 and anti-YIPF6 
antibodies, 0.1% saponin was used for permeabilization by the incubation of 0.1% saponin in 
gelatin-PBS (-) containing primary or secondary antibodies. Finally, cells were mounted onto 
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slide with Vectachield solution (fluorophore protector) (Vector Labs. Inc., Burlingame, CA) 
or ProLong
®
 Gold antifade reagent with DAPI (Invitrogen
TM
).  
 
Anterograde protein transport assay 
VSV-G (tsO45)-EGFP fusion protein was excised from pcDNA3-VSVG-EGFP. 
Using an Adenovirus Expression Vector Kit VSV-G (tsO45)-EGFP fusion protein was 
inserted into cosmid pAxCAwt. Multiplicity of infection (MOI) was 500 for the VSV-G 
(tsO45)-EGFP expressing virus (Presley et al., 1997 and Yoshida et al., 2004). 2x105 HeLa 
cells were seeded on coverslips in 3.5 cm diameter dish for 24 hours, and then cells were 
infected with a recombinant adenovirus expressing VSV-G (tsO45)-GFP and incubated for 
24 hours at 39
o
C. Then the medium was replaced with pre-warm control or low pH medium 
and incubated cells at 39
o
C for 1 hour, and cells were further incubated with pre-warm 
control or low pH medium containing 100 µg/ml cycloheximide (Sigma-Aldrich Corp.) at 
32.5 °C for the indicated time.  
 
Electron microscopy 
2x10
5 
HeLa cells were spread on a Cell Desk
TM
 (LF1, low fluorescence type, MS-
92132 Sumitomo Bakelight), 24 hours later, were treated with pre-warm control (pH 7.3) or 
low pH (pH 6.3) medium for 30 minutes. The following procedure was carried out at room 
temperature. The cells were fixed with 2.5 glutardehyde in 0.1M cocadylate buffer (pH 7.3) 
for 2 hours, washed three-times and leaved in PBS (-) for 2 hours. The cells were washed 
three-times with 0.2M cocadylate buffer and treated with 1% osmium tetroxide in 0.1M 
sodium cacodylate buffer (pH7.3) for 1 hour. Then cells were washed three-times with 
distilled water and dehydrated by 30%, 50%, 70%, 90%, 95%, 100% and 100% of ethanol for 
10, 10, 60, 10, 10, 10 and 10 minutes, respectively. The cells were further incubated in 50% 
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resin in 100% ethanol for 30 minutes, and then in were embedded two-times with Quetol 812 
resin (Nisshin EM, Tokyo, Japan) for 1 hour.  Cell Desks
TM
 were cut into two pieces and 
placed on a silicone block filled with resin and bake at 60
o
C for 48 hours. Then ultra-thin 
sections were prepared and stained with 2% uranyl acetate for 60 minutes, and washed by 
dripping four-times in distilled water. The cells were further incubated in lead acetate 1 
minute and again dripped four-times in distilled water. Sections were observed using a JEM-
1210 electron microscope (Jeol Ltd., Tokyo, Japan). Immunoelectron microscopy using the 
gold enhancement method was also performed, as described previously 
 
Periodic acid-Schiff (PAS) staining 
2x10
5 
HT-29 cells were seeded on coverslips in 3.5 cm diameter dish and transfected 
with siRNA as described in siRNA transfection method, then cells were stained with Periodic 
Acid Schiff (PAS) reagent according to the manufacturer’s protocol (Sigma-Aldrich Corp.). 
The protocol was slight modification, briefly, cells were fixed with formalin-ethanol fixative 
solution (4% formaldehyde in 95% ethanol) and gently washed three-times with tap water.  
Periodic Acid solution was used for coverslip immersion, 5 minutes, and then cells were 
washed five-times with distilled water.  Cells were immersed in Schiff’s reagent for 15 
minutes and washed ten-times with tap water. Coverslips were mounted with glycerol and 
observed by light microscope.  
The in intensity of PAS staining was measured using imageJ. The areas of cell 
clusters were selected by free hand mode. Non-cell areas were selected for background. The 
intensity of all selection areas was calculated by the gray values of all the pixels in the 
selection divided by the number of pixels. Average intensity of cell cluster was subtracted 
with average intensity of background and the ratio to control group was calculated. Averages 
of three experiments were done. 
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Quantitative analysis of the Golgi structure 
The following numbers of cells were counted for quantifying the percentage of cells 
with protected Golgi: 45, 39, 40, 42, 47 and 43 cells for 0, 67, 130, 270, 540 and 800 µM of 
ONO, respectively. 45, 48, 40, 47, 42 and 46 cells for 0, 16, 32, 80, 160 and 320 µM of BEL, 
respectively. For the analysis of the protective effect of PLA2s against the low pH induced 
Golgi disassembly, the cells showing ribbon-like structure of the Golgi apparatus were 
identified as shown in Fig. 7A.  
The following numbers of cells in three independent experiments were counted for 
quantifying the percentage of cell with intact Golgi: In control pH, 64, 61 and 83 cells for 
Control. 48, 59 and 69 cells for YIPF1 knockdown. 56, 64 and 84 cells for YIPF2 
knockdown. 57, 72 and 94 cells for YIPF6 knockdown. 52, 64 and 74 cells for combination 
of YIPF1 and YIPF2 knockdown. In 15 minutes low pH treatment, 53, 53 and 79 cells for 
Control. 52, 67 and 76 cells for YIPF1 knockdown. 55, 56 and 72 cells for YIPF2 
knockdown. 64, 67 and 79 cells for YIPF6 knockdown. 53, 58 and 73 cells for combination 
of YIPF1 and YIPF2 knockdown. In 30 minutes low pH treatment, 47, 54 and 76 cells for 
Control. 43, 63 and 73 cells for YIPF1 knockdown. 54, 64 and 72, cells for YIPF2 
knockdown. 62, 70 and 83 cells for YIPF6 knockdown. 55, 63 and 79 cells for combination 
of YIPF1 and YIPF2 knockdown. For the analysis of the effect of YIPF1, YIPF2 and YIPF6 
knockdown in low pH induced Golgi disassembly, the Golgi apparatus of HeLa cells, which 
were knocked down with YIPF1, YIPF2, YIPF6 or combination of YIPF1 and YIPF2 siRNA 
and treated with a low pH medium for 0, 15 and 30 minutes, were observed. The Golgi 
structure was characterized to intact and fragmented Golgi as shown in Fig. 15A. The number 
of cells with intact Golgi was counted and the ratio to the total cell number was calculated. 
Average of three experiments was done.  
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Figure Legends 
Figure 1. The reversible disassembly of Golgi apparatus in low pH medium 
A, HeLa cells were incubated with a low pH medium (pH6.3) for 0, 15, 30 and 60 minutes, 
and then cells were further incubated (R) with a control pH medium (pH7.3) for 15, 30, 60 
and 120 minutes. B, HEK293 cells were incubated with a low pH medium for 0, 30 and 60 
minutes, and then cells were further incubated (R) with a control pH medium for 15, 60 and 
120 minutes. Cells were processed for immunofluorescence staining with anti-GM130 and 
anti-giantin antibodies. Projection pictures of confocal microscopy of Fig. 1A and epi-
fluorescence images of Fig. 1B were shown. Arrow head indicated the tubule. Scale bar = 10 
μm.  
 
Figure 2. Cis-Golgi was significantly separated from medial-/trans-Golgi and TGN in 
low pH medium.  
HeLa cells were transfected with GalT-RFP with/without GlcNAc-T1-GFP, and incubated 
with a low pH medium (pH6.3) for 15 or 30 minutes. The cells were then processed for 
immunofluorescence staining with anti-GM130 and anti-TGN antibodies. Projection pictures 
of confocal microscopy are shown. Arrow head indicated the tubule. Scale bar = 5 μm. 
 
Figure 3. The disassembly of Golgi stack in low pH medium 
HeLa cells were incubated with control pH or low pH medium for 30 minutes and then the 
cells were fixed and processed for electron microscopy. Arrowheads indicated the Golgi 
apparatus. Scale bar = 0.5 μm. 
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Figure 4. The transport of VSV-G (tsO45)-GFP was delayed in low pH condition.  
VSV-G (tsO45)-GFP protein was allowed to express in HeLa cells and accumulate in the ER 
for 16 hours at 39.5˚C. The cells were then treated with a control pH medium (upper gallery) 
or a low pH medium for 1 hour (lower gallery) at 39.5˚C, and then incubated at 32˚C in the 
presence of cycloheximide. Cells were fixed and processed for immunofluorescence staining 
with anti-GM130 antibody. Epi-fluorescence images are shown. Scale bar = 10 μm. 
 
Figure 5. Actin filament structure was not affected by the low pH treatment.  
HeLa cells were incubated with control or low pH medium for 30 minutes. The cells were 
then fixed and processed for double immunofluorescence staining with anti-GM130 antibody 
and FITC-phalloidin. Epi-fluorescence images are shown. Scale bar = 10 μm. 
 
Figure 6. ONO and BEL, PLA2 inhibitors, prevented low pH-induced Golgi 
disassembly.  
HeLa cells were incubated with a control or a low pH medium containing various 
concentrations of ONO, BEL, cPLA2α inhibitor, AACOCF3, or MAFP as indicated for 30 
minutes. The cells were then fixed and processed for immunofluorescence staining with anti-
GM130 antibodies. Epi-fluorescence images are shown. Scale bar  = 10 μm. 
 
Figure 7. Quantitation of the protective effect of ONO and BEL against the low pH 
induced Golgi disassembly. 
The numbers of the cells showing protective effect of ONO and BEL under low pH condition 
in Fig. 6 were counted. A, The criteria of cell with protected or non-protected Golgi for 
counting. Scale bar  = 10 μm. B, The relative percentage of cell with protected Golgi, which 
ratios to the non-treated group, is shown.  
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Figure 8. The overexpression of Rab1 suppressed low pH-induced Golgi disassembly 
and dispersal.  
HeLa cells were transfected HA-Rab1and then incubated with control (pH 7.3) or low pH 
(6.3) medium for 30 minutes. The cell were fixed and processed for immunofluorescence 
staining with anti-HA and anti-GM130 antibodies. Epi-fluorescence images are shown. Scale 
bar  = 10 μm. 
 
Figure 9. The overexpression of Rab1 did not rescue the transport of VSV-G (tsO45)-
GFP in low pH medium.   
HeLa cells were transfected with HA-Rab1, and then VSV-G (tsO45)-GFP protein was 
allowed to express and accumulate in the ER for 16 hours at 39.5˚C. The cells were then 
treated with a control pH medium (upper gallery) or a low pH medium for 1 hour (lower 
gallery) at 39.5˚C and then incubated at 32˚C in the presence of cycloheximide. Cells were 
fixed and processed for immunofluorescence staining with anti-HA and anti-GM130 
antibody. Epi-fluorescence images are shown. Scale bar = 10 μm. 
 
Figure 10. The high temperature suppressed the function of Rab1.  
The transfected HA-Rab1 cells were incubated at 32˚C, 37˚C and 39.5˚C for 1 hour, and then 
incubated with a control pH medium (upper gallery) or a low pH medium for 1 hour at the 
same temperatures for 30 minutes. The cells were then fixed and processed for 
immunofluorescence staining with anti-GM130 antibody. Epi-fluorescence images are 
shown. Scale bar  = 10 μm. 
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Figure 11. YIPF1, YIPF2 and YIPF6 localized on medial-, trans- and TGN Golgi 
compartments.  
HeLa cells were fixed and processed for double immunofluorescence staining with anti 
YIPFs protein and anti-Golgi marker proteins as described in Figure 2. Sliced pictures of 
confocal microscopy are shown. Scale bar  = 5 µm 
 
Figure 12. Relocalization of YIPF1, YIPF2 and YIPF6 in the low pH medium 
HeLa cells were incubated with a low pH medium (pH 6.3) for 15 minutes, and then cells 
were fixed and processed for double immunofluorescence staining with anti YIPFs antibodies 
and anti-Golgi marker antibodies as described in Figure 2. Sliced pictures of confocal 
microscopy are shown. Scale bar  = 5 µm 
 
Figure 13. Knockdown of YIPF1, YIPF2, and YIPF6 
HeLa cells were singly transfected with siRNAs for YIPF1, YIPF2, YIPF6 or doubly 
transfected with siRNAs for YIPF1 and YIPF2. After 72 hours, the cells were lysed and 
subjected to western blot analysis. A, Representative result of western blot analysis is shown. 
B, The amount of YIPF1, YIPF2 and YIPF6 were analyzed and the averages of the three 
independent experiments are shown. Bars indicate the standard deviation (SD). 
 
Figure 14. The structure of the Golgi apparatus in YIPFs knockdown cells   
HeLa cells were transfected with siRNAs as described in Fig. 13. After 72 hours, the cells 
were incubated with a low pH medium for 0, 15 and 30 minutes. Then the cells were fixed 
and processed for double immunofluorescence staining with anti-GM130, anti-giantin and 
anti-TGN46 antibody. Epi-fluorescence images are shown. Scale bar = 10 µm.  
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Figure 15. Quantitation of the protective effect for the low pH induced disassembly by 
the knockdown of YIPFs.   
The numbers of the cell showing intact Golgi at 0, 15 and 30 minutes after the low pH 
treatment were counted. A, The criteria of intact and fragmented Golgi for counting. Scale 
bar = 10 μm. B, The relative percentage of intact Golgi, which ratios to the control group is 
shown. The averages of the three independent experiments are shown. Bars indicate SD.  
 
Figure 16. The effect of YIPF1, YIPF2 and YIPF6 single and double knockdowns in 
glycoprotein production 
A, HT-29 cells were transfected with siRNAs as described in Fig. 13. After 72 hours, the 
cells were lysed and analyzed by western blot analysis. A representative result of three 
independent experiments is shown. B, The result in A was quantified by image analysis as 
described in the Materials and Methods. C, The transfected cells were fixed after 72 hours 
and processed for PAS staining. Light microscopic images were shown. Scale bar = 100 µm. 
A representative result of three independent experiments is shown. D, The intensity of PAS 
staining was quantitated and relative levels to the control transfection were calculated as 
described in the Materials and Methods. The averages of the three independent experiments 
are shown. Bars indicate SD.  
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